Wetspun nascent PAN fibers were immersed into a DMSO/H 2 O coagulation bath. Diffusion of DMSO from nascent fiber and that of H 2 O into nascent fiber were studied at different temperatures and concentrations of coagulation bath. The diffusion coefficient of H 2 O is larger than that of DMSO. As the coagulation bath temperature increased, the diffusion coefficients of DMSO and H 2 O increased. Diffusion activation energy of DMSO is smaller than that of H 2 O during the diffusion. Cross sectional and surface structure of nascent PAN fiber were observed in relation to coagulation ability (the product of diffusion coefficients of two solvents). Coagulation ability was found to have a significant influence on both the cross sectional and surface morphology of nascent fiber. To obtain nascent fiber with circular cross sectional and smooth surface morphology, coagulation ability should be controlled at low value.
INTRODUCTION
Wet spinning is the main method of manufacturing PAN-based carbon fibers. Coagulation of nascent PAN fibers extruded from a spinneret into a coagulation bath is a very important stage in wet spinning [1] [2] [3] [4] [5] [6] . This is not only a physical process, but also a phase separation process. During coagulation, mass and heat transfer, and phase equilibrium between fibers and coagulation bath occurs and results in the precipitation of gel structure PAN fibers. There are two kinds of concentration differences between fibers and coagulation bath: 1) concentration of solvent (DMSO) in the fibers is higher than in the bath, and 2) concentration of H 2 O in the bath is higher than in the fibers. This leads to countercurrent diffusion during the coagulation of nascent PAN fibers. Therefore, coagulation rate of nascent PAN fibers is dependent on countercurrent diffusion. The moving boundary model [1] , constant flow ratio model [2] , and Crank's equation [3] are three main mathematical models to explain the countercurrent diffusion in the coagulation process. Among them, Crank's equation can be used to study diffusion coefficient and diffusion rate along the fiber radial direction under certain assumptions. Diffusion coefficient and diffusion rate are important for describing the microstructure of the fiber in wet spinning [7] . A large diffusion coefficient causes quick diffusion as well as intense countercurrent diffusion, which gives rise to an insufficient uniform structure of nascent PAN fibers. However, a low diffusion coefficient indicates slow and tempered countercurrent diffusion, which also gives rise to an insufficient coagulation of nascent PAN fiber. Therefore, a moderate diffusion is very important for obtaining a desired structure of PAN fiber. However, there are few studies on the calculation of diffusion coefficient in countercurrent diffusion during coagulation of nascent PAN fibers and the relationship between diffusion and the structure of PAN fiber.
In this study, countercurrent diffusion under different coagulation bath conditions is reported. By calculating the diffusion coefficient of DMSO and H 2 O, the optimal coagulation conditions of nascent PAN fiber, and the influence of coagulation ability on morphology of nascent PAN fiber is investigated. 
EXPERIMENTAL

Synthesis of PAN
Synthesis of high molecular weight PAN was carried out following the previous report [8] . A mixture of 92 ml DMF and 496 ml H 2 O (mass ratio: DMF/H 2 O=15/85) was added into a 3 L polymerization reactor equipped with stirrer, reflux condenser, circulation and temperature control devices. According to the weight ratio of AN: MA: IA = 96:3:1, a mixture of 298 mL AN, 7.89 mL MA, and 2.5 g IA was added to the reactor, and 0.25 g PVA was also added into the reactor as a dispersant. After stirring for 1.5 h at 60 ℃, 2.5 g AIBN as an initiator was added, and polymerization was run for 3 h under the nitrogen atmosphere. Then, high molecular weight PAN was obtained. The viscosity-average molecular weight is 560,000 according to the Ubbelohde viscometer.
Wet Spinning
A 150 g high molecular weight PAN powder and 1227 ml DMSO were added into a reactor equipped with water heating circulation bath and spiral agitator. After dissolution and deaeration, spinnable solution containing 10% high molecular weight PAN was obtained. This PAN solution was wet-spun to nascent PAN fiber through a spinneret with 0.06 mm spinneret diameter and immersed into a coagulation bath, which was composed of 77.5% DMSO and 22.5% H 2 O. The spin draw ratio is set to -10%. After fiber immersing into a coagulation bath, mass and heat transfer, and phase equilibrium movement take place between fiber and coagulation bath, resulting in the precipitation of PAN fiber.
Characterization
Calculation of Diffusivity
The coagulation bath was prepared by mixing DMSO to H 2 O at weight ratios of 77.5:22.5, 70:30, and 65:35, respectively. The quantity of DMSO in the PAN fiber during the coagulation was measured via the following procedure. Immerse nascent PAN fiber in boiling water for 0.5 h, followed by S element measurement in boiled water by using ICPS-7500 Sequential Plasma Emission Spectrometer. Then the quantity of PAN polymer was obtained after adequate drying. 
Coagulation Ability
The rate of coagulation process was determined by double diffusion coefficients; coagulation ability (Ca) in this system can be defined as the product of the two diffusion coefficients:
Morphology Observations
Scanning electron microscopy (SEM) was used to observe the cross sectional and surface structure of nascent PAN fiber. The dried nascent fiber was embedded in the mixture of a certain proportion epoxy resin and curing agent, cured for 24 h at 60℃ and then immersed in liquid nitrogen for 10 s and fractured carefully. After sputtered with gold, cross sectional morphology was observed. The surface morphology of nascent fiber was observed via Scanning Electron Microscopy (SEM). Figure 1 shows According to Fick's second law, Note: The concentration of DMSO in coagulation bath is the coagulation bath concentration. Figure 3 shows coagulation abilities of the coagulation bath at different conditions. They are calculated from diffusion coefficient of DMSO and H 2 O from Figure 2 . The higher Ca, the greater the ability of the coagulation bath, and the resulting coagulation process is more intense; the lower Ca, the weaker ability of coagulation ability, and the coagulation process is more moderate. According to Figure 3 , at the same DMSO concentration of the coagulation bath, the coagulation ability increases with the increase of coagulation temperature. As the coagulation temperature increases, the double diffusion coefficients increase, which can be seen from Figure 2 , and the coagulation process can be completed in a shorter time. At the same coagulation temperature, the coagulation ability decreases with the increasing concentration of coagulation bath, indicating that the coagulation bath with lower concentration has higher coagulation ability.
RESULTS AND DISCUSSION Calculation of Diffusion Coefficients
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The Influence of Coagulation Ability on Structure of Nascent PAN Fiber
According to the coagulation ability values, Figure 3 is divided into three regions. In order to directly study the influence of coagulation ability on the morphology of nascent fibers, three nascent fibers obtained from each certain region were selected as shown in Figure 3 , their cross sectional and surface morphology were observed via SEM, as shown in Figure 4 , and the bath conditions are also listed in According to SEM of cross sectional structure of nascent fiber, as shown in Figure 4 , the coagulation ability has a significant influence on the cross sectional structure of nascent fiber. Under the bath condition (a), the cross sectional structure of nascent fiber is compact and uniform, as shown in picture C; it can be expected that under this condition, the coagulation ability of coagulation bath is weak, thus the coagulation process is mild, the phase separation time is relatively long and the fiber structure is compact and uniform. Under the bath condition (b), tiny holes formed in the center of nascent fiber, as shown in picture F; this indicates that, as coagulation ability increases, the coagulation process is carried out faster, the phase separation time is relatively short and the fiber structure is not as compact and uniform. Under the bath condition (c), the cross sectional structure of nascent fiber is non-uniform, as shown in picture I; under this condition, the coagulation ability is the highest, so that the coagulation process is very intense, the phase separation time is the shortest and the cross sectional structure of nascent fiber is the most non-uniform. Therefore, the use of high concentration of coagulation bath, can not only reduce the amount of replacement of DMSO and H 2 O, but also inhibit the diffusion. Consequently, the cross sectional structure of nascent fiber is more likely to be compact and uniform. According to the SEM of surface structure of nascent fiber, as shown in Figure 5 , the coagulation ability also has great influence on the surface structure of nascent fiber. Under the bath condition (a), the coagulation ability value is the lowest and the coagulation process is mild which can guarantee even double diffusion process and smooth surface structure of nascent fiber, as shown in picture A and picture B. Under the bath condition (b), the coagulation ability increases, so that the rate of double diffusion becomes higher which results in rough surface structure of nascent fiber formation during coagulation process, as shown in picture D. Under the bath condition (c), the coagulation ability value is the highest and the coagulation process is the most intense which results in more rough and non-uniform surface structure formation during coagulation process, as shown in picture F. As mentioned before, the morphology of nascent fiber obtained in a high concentration of coagulation bath, is more likely to be compact and uniform.
The Influence of Coagulation Ability on Surface Morphology of Nascent Fiber
CONCLUSIONS
At certain DMSO concentrations of the coagulation bath, the diffusion coefficient of H 2 O is higher than that of DMSO, due to its affinity for DMSO. And the diffusion coefficients of DMSO and H 2 O increase with the increasing of coagulation bath temperature. At certain temperatures of the coagulation bath, the diffusion coefficients of DMSO and H 2 O decreases with the increase of coagulation bath concentration.
As the DMSO concentration of the coagulation bath increases, diffusion activation energies of DMSO and H 2 O increase. And Moreover, according to SEM images, coagulation ability has a significant influence on both the cross sectional and surface structure of nascent fiber. As the coagulation ability increases, the coagulation process becomes faster and the cross sectional and surface morphology of nascent fiber become less compact and uniform. Therefore, to obtain nascent fiber with circular cross sectional and smooth surface morphology, coagulation ability should be controlled at lower values.
